Iodine potassium iodide (I 2 KI) solution can be employed as a contrast agent for the visualisation of soft tissue structures in micro-computed tomography studies. This technique provides high resolution images of soft tissue non-destructively but initial studies suggest that the stain can cause substantial specimen shrinkage. The degree of specimen shrinkage, and potential deformation, is an important consideration when using the data for morphological studies. Here we quantify the macroscopic volume changes in mouse skeletal muscle, cardiac muscle and cerebellum as a result of immersion in the common fixatives 10% phosphate-buffered formal saline, 70% ethanol and 3% glutaraldehyde, compared with I 2 KI staining solution at concentrations of 2, 6, 10 and 20%. Immersion in the I 2 KI solution resulted in dramatic changes of tissue volume, which were far larger than the shrinkage from formalin fixation alone. The degree of macroscopic change was most dependent upon the I 2 KI concentration, with severe shrinkage of 70% seen in solutions of 20% I 2 KI after 14 days' incubation. When using this technique care needs to be taken to use the lowest concentration that will give adequate contrast to minimise artefacts due to shrinkage.
Introduction
Micro-computed tomography (microCT) is an established modality for the non-destructive analysis of mineralised tissue in a co-registered space. First introduced in the 1980s by Elliott & Dover (1982) , it uses X-ray attenuation data acquired from multiple projection angles to create high resolution, 3D data on bone density, structure and micro architecture. Over the subsequent 20 years it has become a widely used technique, replacing many laborious methods for assessing bony structures in 3D. Standard microCT does not lend itself well to soft tissue investigation. The low coefficient of X-ray attenuation of tissues such as muscle, liver or brain, results in amorphous silhouettes containing little internal detail.
Recently, however, iodine potassium iodide (I 2 KI) solution has been used as a contrast agent to improve the imaging of soft tissues via microCT (Fig. 1 ). This technique was originally used alongside a number of other staining solutions for the study of embryonic tissues (Metscher, 2009 ) and has since been employed by Jeffery et al. (2011) to image, in exquisite detail, whole mouse heads, as well as more detailed studies on fascicular arrangement in porcine samples. In follow-up papers the authors have used I 2 KI to reveal the three-dimensional muscle architecture of the masticatory apparatus in several species of rodent (Cox & Jeffery, 2011) and the complex arrangement of cardiac muscle in rodents and lagomorphs (Stephenson et al. 2012) . The technique has also been employed to study sesamoid structures in the alligator (Tsai & Holliday, 2011) and the soft-tissues within the orbit of spiny rats (Hautier et al. 2012 ). Most recently, there has been a detailed anatomical investigation of the murine masticatory apparatus on the basis of enhanced microCT (Baverstock et al. 2013) . The data generated by I 2 KI enhanced microCT has proven particularly useful in the creation of computational models that simulate muscle forces and activity patterns (Aslanidi et al. 2012; Cox et al. 2012) .
Remarkably, despite the long history of I 2 KI staining for starch in histology (Wick, 2012) , the exact mechanism of I 2 KI staining remains unknown. The use of iodine as a colourchanging starch indicator test (Ameen & Abedin, 1975) implies that the iodine is trapped in the structure of complex carbohydrate molecules such as those found in glycogen (see Jeffery et al. 2011) . Recent work to investigate I 2 KI distribution using backscattered electron scanning microscopy is likely to provide more definitive answers in the future (Boyde, 2012) .
A potentially major limitation of I 2 KI-enhanced microCT is soft-tissue shrinkage. Initial studies have suggested that this staining process is associated with shrinkage beyond that normally found with, for example, tissue fixation. Specimen deformation during specimen preparation is a problem common to many tissue studies (Boyde & Maconnachie, 1980 , 1983 Boyde & Franc, 1981) . Understanding the degree of shrinkage and factors that may introduce variability in the shrinkage are key to the continued application of the technique to imaging soft tissues. The aim of this study is to quantify the degree of shrinkage in dissected mouse skeletal muscle, cardiac muscle and cerebellum, over a range of I 2 KI concentrations and incubation periods. Alternative formulations of iodine and fixatives used for imaging, for example, embryos (Metscher, 2009 ) have yet to be proven effective for imaging the comparatively larger samples described in the aforementioned papers. Hence, the current paper will focus only on solutions of I 2 KI and formalin and compare findings against generally accepted levels of shrinkage associated with conventional forms of preservation (i.e. freezing, formalin, ethanol and glutaraldehyde).
Materials and methods

Specimens
Tissue samples were harvested from post-mortem BL6 mice, selected because they represent the most commonly used strain of the most commonly used mammalian model species. The soft tissues investigated were skeletal muscle, cardiac muscle and brain. These represent a broad range of tissues that have been the focus of recent I 2 KI studies. The skeletal muscle samples consisted of whole tibialis anterior, triceps surae, gluteus medius and rectus femoris muscles. These were dissected from five previously frozen (À10°C, for in excess of 6 months), and seven non-frozen mice. Cardiac muscle samples consisted of seven dissected and then bisected hearts. These were washed to remove any residual blood. Brain tissue was represented by seven dissected cerebelli. A total of 76 samples from 12 mice were investigated for tissue shrinkage. Fig. 1 MicroCT scans of (a) a mouse knee joint, (b) I 2 KI-enhanced mouse head, (c) I 2 KIenhanced ream (Abramis brama) heart, (d) I 2 KI-enhanced mouse hindlimb. Scale bars: 2 mm. In all scans the greyscale on the images reflects the X-ray attenuation of the material; the brighter the tissue, the higher the X-ray absorption. The iodine contrast stain increases the X-ray attenuation of the muscle; the more stain taken up, the higher the absorbance and so the brighter the image. Fig. 2 A diagram of the equipment used to measure the volume of the muscle specimens. Las, laser source; Lasp, reflected laser point; T, tubing; Ms, measurement syringe; Rc, receptor cylinder; S, specimen. Apparatus and figure adapted from Douglass & Wcislo (2010) .
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Volume measurements
Volumes were measured using a microvolumeter (Fig. 2 ) based on the apparatus described by Douglass & Wcislo (2010) but with the addition of a laser level to improve the precision of our measurements of fluid displacement. The samples were first immersed in water, then blotted dry. They were then placed in a water-filled specimen cylinder, which was attached via a water-filled polypropylene tube to a 1-mL measurement syringe. The level of the water in the specimen cylinder was measured with a laser beam, which was reflected off the surface of the water onto a wall. As specimens were placed in the receptacle cylinder, the reflected laser point was deflected. The measurement syringe was then withdrawn until the laser point was back to its original position, giving the volume of the sample. Each sample was immersed in water for less than a minute while it was measured to reduce the effect of osmotic gradients upon accuracy. To ensure that movement of water molecules was not significantly altering the measurements, unstained and stained tissues (20% I 2 KI for 14 days) were measured repeatedly using the microvolumeter filled firstly with water (hypotonic relative to the samples), then with phosphate-buffered saline (PBS) (hypertonic) and finally with 20% I 2 KI (to represent the most extreme hypertonic solution).
The apparatus was validated with reference to standard samples (steel bearings) of known diameter from which the volumes were
Five repeated volume measurements were taken for each bearing. To validate the microvolumeter apparatus at lower volumes, two muscles which had been previously stained using I 2 KI and scanned via microCT were measured using computational stereological methods, and were then dissected out and measured using the microvolumeter. Findings were compared on the basis of least-squared regression analysis.
Baseline volumes for all samples were measured immediately post dissection. Each measurement was taken as the average of five repeats with the specimen being blotted between each repeat to remove excess fluid. Samples representing each tissue type were then immersed in 10% formaldehyde in PBS, 3% glutaraldehyde in PBS, 70% ethanol or solutions of 2, 6, 10 and 20% iodine potassium iodide (I 2 KI) dissolved in 10% PBFS. Samples were then measured at intervals of 1, 2, 7, 14 and 28 days following the procedure outlined above. Full experimental conditions are outlined in table 1. Statistical analyses were conducted in EXCEL OFFICE 2007 and PAST v2.15 (Hammer et al. 2001 ).
Results
Repeated measurements in different volumeter reservoir solutions showed no significant difference (P > 0.05, t-test of means) for either stained or unstained samples. This demonstrates that the hypotonic water reservoir has no significant effect on the measurements.
Findings for the standard volumes showed that the mean repeated microvolumeter readings were not significantly different from the microCT estimates of muscle volume or the calculated steel-bearing volumes. Regression analysis for the combined data gave a slope through the origin of 0.998 (R² = 0.9997). This means that the microvolumeter has an average error of only AE 0.00262 mL (ranging from +0.005 to À0.007 mL). This level of error (AE 1.36% average, AE 0.21-2.8% range) is low relative to the changes of tissue volume under investigation (see below). Tissues immersed in the three different fixatives showed markedly different changes in volume. After immersion in PBFS, all of the samples underwent an initial rapid increase in volume., and a subsequent, far more gradual decrease in volume (Figs 3 and 4a-c). Immersion in 70% ethanol resulted in a gradual decrease in tissue volume. The tissue samples immersed in glutaraldehyde initially swelled and then began to shrink, but on average remained a little larger than their initial volume (Fig. 3) .
Immersing specimens in I 2 KI solution (dissolved in PBFS) results in a rapid decrease in volume in both freshly dissected and previously frozen specimens of skeletal muscle. There was no significant (P > 0.05) difference between the degree of volume reduction at any incubation time or solution concentration between previously frozen and non-frozen samples (Fig. 5) . Subsequent analysis therefore used both frozen and unfrozen skeletal muscle data in order to maximise the number of datum points.
All three tissue types showed a concentration-dependent shrinkage after immersion in I 2 KI solution (Fig. 4a-c) which was more extensive than that brought about by immersion in PBFS alone. The higher the I 2 KI concentration, the larger the volume decrease, as illustrated by the bisected hearts in Fig. 6 . The cerebellar samples showed the least shrinkage, whereas the skeletal and cardiac samples showed similar levels of shrinkage (Fig. 4a-c) . The rate (% per day) at which all three types of tissue shrank was also concentrationdependent and, again, showed similar patterns for both skeletal and cardiac muscle (Fig. 7a,b) . The muscle samples undergo an initial rapid phase of specimen shrinkage, with the rate of shrinkage slowing after the first 2 days and beginning to reach a plateau at around 7 days. The higher concentrations of I 2 KI brought about a more rapid shrinkage than the lower concentrations, but the rates for different concentrations converge after 7 days. The cerebellar samples appear to undergo a more rapid period of shrinkage which then plateaus earlier at around 2 days (Tables 1  and 2 ).
There is a linear relationship between the original volume of the tissue sample and the volume after 14 days of immersion ( Fig. 8a) with the gradients dependent upon the concentration of I 2 KI used. Figure 8b illustrates that there was no correlation between the original tissue volume and the percentage remaining of the original volume after 14 days of immersion in each solution. Some concentrations in Fig. 8b appear to show weak correlations between original muscle size and the degree of shrinkage experienced (see 2% I 2 KI) but none was found to be statistically significant. There were insufficient data to make individual analyses for each tissue type (n = 3 for cardiac and cerebellar samples), so cardiac and cerebellar samples were analysed alongside skeletal muscle samples to maximise the number of datum points. Least-squared multiple regressions were calculated to capture the interdependency of shrinkage on the three principal variables of, initial sample size, I 2 KI concentration and incubation time. The R 2 values (coefficient of determination) are given in Table 3 , and demonstrate that in all three tissues the percentage reduction in volume is most closely related to I 2 KI concentration. Only in cardiac samples was there a secondary relationship, with initial sample size; however, the range of sample sizes had very little influence beyond 14 days as the shrinkage plateaus between 3 and 7 days (refer to Fig. 7a-c) . The multiple regressions can be a c b Fig. 7 Graphs showing the average rate of tissue shrinkage after immersion in different concentrations of I 2 KI solution over a 14-day incubation period in: (a) skeletal muscle (n = 8), (b) cardiac muscle (n = 2), (c) cerebellum (n = 2). The skeletal muscle samples included both previously frozen and previously unfrozen samples in order to maximise the dataset. (Table 4 ). This also shows that the variable which showed the strongest correlation with the degree of shrinkage was the concentration of I 2 KI, with highly significant P-values.
Discussion
The technique of visualising complex 3D shapes by microCT with an iodine-based contrast agent was originally employed by Metscher (2009) to follow the embryonic development of soft tissue structures. One of these iodinebased contrast agents (I 2 KI) has now been extensively applied to examine skeletal muscle (Cox & Jeffery, 2011; Jeffery et al. 2011; Hautier et al. 2012) . It allows for highcontrast, high-resolution, 3D visualisation on commercially available microCT systems. This technique has since found many other applications, visualising, for example, the conduction system of the heart (Stephenson et al. 2012 ) and the development of the cardiovascular system (Degenhardt et al. 2010) , and the technique has proved particularly useful in the development of biomechanical computational models as well as the anatomical description of complex morphotypes (e.g. Cox & Jeffery, 2011; Baverstock et al. 2013) . With increasing interest in this contrast technique it is likely to find many more applications, particularly in anatomical and biomechanical studies. It is therefore important to determine the alteration from the normal morphology resulting from its use.
Fixation of tissues aims to prevent cellular breakdown while preserving the tissue's shape, volume and components as close to their living state as possible. No fixative is capable of fulfilling all of these criteria and their use is commonly associated with volume changes in the tissues. The mechanisms behind this are not fully understood (Hopwood, 1982) . Figure 3 characterises the volume changes measured when tissues were immersed in three commonly used fixatives -PBFS (formalin), glutaraldehyde and ethanol. Immersion in PBFS or glutaraldehyde resulted in an initial swelling of the tissue, followed by a shrinkage phase, whereas immersion in ethanol resulted in continual tissue shrinkage. Preserving whole organs is presently predominated by formalin, which has long been known to cause tissue deformation (Fox et al. 1985) .
Of the three fixatives, glutaraldehyde produced a fixed sample closest to the specimen's original volume. It has a b Fig. 8 (a) Plot of skeletal muscle volume after 14 days' incubation in PBFS (n = 10), I 2 KI of concentration 2 (n = 10), 6 (n = 10), 10 (n = 10), and 20% (n = 10), against the initial tissue volume. Least-squared regression slopes and equations are shown. (b) Comparison of initial skeletal muscle sample volume vs. the percentage of sample volume remaining after 14 days' incubation in I 2 KI of concentration 2 (n = 10), 6 (n = 10), 10 (n = 10), 20% (n = 10) and PBFS (n = 10). Both previously frozen and unfrozen material was used to maximise the data set. Spearman rank correlation coefficients were 0.48 ns for PBFS, 0.55 ns at 2%, 0.35 ns at 6%, 0.41 ns at 10%, 0.19 at 20%. been reported that 3% formaldehyde solution has a far higher osmolarity (approximately 1000 mOsm) than that of a 3% solution of glutaraldehyde (approximately 300 mOsm) (Bacallao et al. 2006 ) and so a far larger degree of shrinkage would be expected from tissue immersed in PBFS than glutaraldehyde. However, it is important to note that earlier studies have suggested that aldehydes exert no effective osmotic pressure (Young, 1935) . In a number of studies, cells immersed in glutaraldehyde have been noted to swell (Arborgh et al. 1976) , as Fig. 3 shows. However most studies show that glutaraldehyde fixation causes tissue shrinkage (Gusnard & Kirschner, 1977) . The difference between results shown here and those in the literature may be due to a difference in the buffer (PBS instead of sodium cacodylate) or a difference in the timescale over which the volume changes were recorded. Ethanol immersion resulted in a prolonged shrinkage of the tissue. This is expected, as ethanol fixes tissues by rapidly changing their hydration state. Figure 3 shows a similar (although not quite as extensive) degree of shrinkage as that recorded by Boyde & Maconnachie (1980) , who also measured the relationship between the concentration of ethanol and degree of tissue shrinkage. The next challenge was to determine whether there was any shrinkage over and above that observed by formalin fixation with the addition of I 2 KI to the PBFS solution and, if necessary, to document the influence of I 2 KI concentration and incubation period on the shrinkage observed. With the addition of I 2 KI, the swell phase was replaced by a more pronounced period of shrinkage. The rate and amount of shrinkage varied with tissue type, probably due to differences of cellular organisation and composition, altering the diffusion into and out of the tissue. For example, Weisbecker (2012) found that the cerebellum underwent the least shrinkage as a result of standard formalin fixation and suggested this was due to smaller cell size and higher neuron density. In the present study, shrinkage also varied in relation to incubation time, with the greatest change occurring in the first few days. By far the greatest influence on shrinkage, however, was I 2 KI concentration. Samples in solutions of PBFS containing 20% I 2 KI shrank by as much as 70% (cardiac muscle) compared with a 20% reduction at 2% I 2 KI. The effects of concentration are clearly shown in Fig. 6 . In comparison, the influence of initial sample size on percentage shrinkage experienced was negligible. Although the I 2 KI solution probably diffuses more rapidly into the smaller samples, due to greater surface area to volume ratios, the resulting shrinkage as a proportion of original sample size is not statistically different from that experienced by larger specimens after 14 days (Fig. 8b) . Table 4 Linear regression statistics, Spearman's rank correlation coefficient and P-value statistics indicating the relationship between the overall percentage shrinkage of the tissue and each of the variables independent of the other variables investigated.
